ABSTRACT: Identifying drugs for the treatment of glioblastoma (GBM), a rapidly fatal disease, has been challenging. Most screening efforts have been conducted with immortalized cell lines grown with fetal bovine serum, which have little relevance to the genomic features found in GBM patients. Patientderived neurosphere cultures, while being more physiologically relevant, are difficult to screen and therefore are only used to test a few drug candidates after initial screening efforts. Laminin has been used to generate two-dimensional cell lines from patient tumors, preserving the genomic signature and alleviating some screening hurdles. We present here the first side-by-side comparison of inhibitor sensitivity of laminin and neurosphere-grown patient-derived GBM cell lines and show that both of these culture methods result in the same pattern of inhibitor sensitivity. We used these screening methods to evaluate the dependencies of seven patient-derived cell models: three grown on laminin and four grown as neurospheres, against 56 agents in 17-point dose−response curves in 384-well format in triplicate. This allowed us to establish differential sensitivity of chemotherapeutic agents across the seven patient-derived models. We found that MEK inhibition caused patient-sample-specific growth inhibition and that bortezomib, an FDA-approved proteasome inhibitor, was potently lethal in all patient-derived models. Furthermore, the screening results led us to test the combination of the Bcl-2 inhibitor ABT-263, and the mTOR inhibitor AZD-8055, which we found to be synergistic in a subset of patient-derived GBM models. Thus, we have identified new candidate therapeutics and developed a high-throughput screening system using patient-derived GBM samples.
G lioblastoma multiforme (GBM) is the most deadly form of brain cancer. With a five-year survival rate of less than 4%, 1 new approaches to treatment are necessary. The concept of precision, patient-specific medicines, administered on the basis of the molecular makeup of the individual patient tumor, has had success in other cancers. Even in the absence of a preselected molecular feature to target, the application of personalized medicine screening can be used to identify compounds that are selectively lethal to specific cell lines. This concept has been brought to fruition by large scale screening efforts of compound sensitivity among many cell lines with the National Cancer Institute screen of 60 human tumor cell lines (NCI60), 2 Cancer Cell Line Encyclopedia (CCLE), 3 and the Genomics of Drug Sensitivity in Cancer resource. 4 Unfortunately, when predicting inhibitor sensitivity for GBM models, traditional cell lines and culture conditions do not allow for recapitulation of patient tumor physiology. Gene expression, single nucleotide polymorphisms, and copy number aberrations in established glioma lines are not representative of patient tumors, 5 and not all traditional GBM cell lines are tumorigenic in mice. 6 This situation makes the use of standard glioma lines for the prediction of genome-specific inhibition a challenging pursuit. Fortunately, the use of neurospheres, which are patient-derived, three-dimensional spheroids maintained in a serum-free environment with growth factors, has become increasingly common. In 2006, Fine and colleagues showed that neurospheres closely mirror the genotype and gene expression patterns of patient tumors. 6 Dirks and colleagues pioneered a similar method, which also uses serum-free growth conditions supplemented with epidermal and fibroblast growth factors (EGF and FGF) to grow patient-derived glioblastoma cells as adherent cells with the addition of the basement membrane protein laminin. 7 This method has also been shown to retain the molecular signature of patient tumors and is amenable to high-content screening.
For the purpose of the application of personalized medicine, we wanted to screen patient-derived cells that closely mirror the genotype and gene expression patterns of patient tumors. However, neurospheres are usually tested only in lowthroughput as confirmation against compounds that have already been determined to have activity using a previous highthroughput assay; the screening method using laminin-grown cells is high content, requiring sophisticated imaging equipment and analysis. 8 To adequately determine differential sensitivity among cell models, dose−response curves are necessary, expanding the required data collection and prompting us to develop a high-throughput screen with a simple end point, but using patient-derived neurosphere and laminin-grown cell models.
Experimental Procedures. Cell Growth. Patient-derived GBM samples were obtained at Henry Ford Hospital and generated as previously described. 9 At Columbia University, cells were defrosted and grown on regular tissue-culture-treated plates in serum-free neurosphere medium with growth factors EGF and FGF, and maintained by standard neurosphere culture. 9 If the cells failed to grow, laminin was added at a concentration of 1 μL/cm 2 directly to the flask. Laminin cultures were grown in the same medium as neurospheres.
High-Throughput Screening. Pathways involved in GBM were selected for small molecule inhibition. An emphasis was placed on compounds that are in clinical development or are FDA-approved for other cancers. Working with compounds already established as safe and effective, we foresaw faster translation of these results to patients. A list of compounds tested appears in Table S1 .
Each screening sample was begun with freshly dissociated neurospheres or freshly detached laminin-supplemented cells. Inhibitor was added 24 h after cell seeding, and viability was assessed with CellTiter-Glo 72 h after inhibitor addition. Generally, except in some instances of low solubility, each inhibitor was added in a 17-point, 2-fold dilution series with a final concentration range of 0.8 nM−50 μM. Compounds that were not potent within the concentration range tested are denoted as EC 50 > 50 μM. To compute fold change ( Figure 3b and Table S4 ) and calculate the z-scores used for the heatmap in Figure 2 , the value 100 μM was assigned to cases of EC 50 > 50 μM. Extended methods can be found in the Supporting Information.
Comparative Inhibitor Sensitivity with Cells Grown as Neurospheres and on Laminin. Some patient-derived cells failed to expand in neurosphere culture, but thrived under laminin supplementation. Therefore, we first examined whether laminin-supplemented cultures retained a similar compound sensitivity profile as neurospheres. We tested HF2303 cells, which grow best as neurospheres, and HF2876, which grow best on laminin in both growth conditions. For both HF2303 and HF2876, observed inhibitor potency changed less than 10-fold between conditions, with the majority of compounds exhibiting less than a 3-fold change in potency under the different culture conditions (Figure 1 , Table S2 , and Figure S1 ). Not shown in Figure 1 are the five of ten compounds that were not lethal to HF2303 at the concentrations tested and the two of 11 compounds that were not lethal to HF2876 in the tested concentration range, as these could not be compared. This observation suggests that inhibitor resistance is maintained, in addition to inhibitor sensitivity.
When the experimental results were combined into a single heatmap and subjected to hierarchical clustering (Figure 2a) , the cell lines did not cluster as laminin grown versus neurosphere grown (circles beneath the cell line names indicate neurosphere lines and triangles indicate laminin lines). Furthermore, there is no apparent similarity in the inhibitor signature among the neurosphere grown or laminin grown cell lines. Thus, we concluded that growth on laminin or as neurospheres does not change compound sensitivity, and growth conditions can be used as needed for each cell line.
High-Throughput Screening Results. Cells were grown either as neurospheres (HF2303, HF2790, HF2381, HF3013) or on laminin (HF2476, HF2876, HF2885) and were subjected to 17-point dose−response curves to analyze differential sensitivity to compound treatment. All results were visualized in a heatmap (Figure 2 ). Each box of the heatmap is the z-score corresponding to the log of the EC 50 for each cell-line− compound pair, in triplicate (Figure 2b) . Therefore, over 20,000 data points were collected for the generation of this figure. Hierarchical clustering revealed that several compounds from the same mechanistic class clustered together (Figure 2c ). For example, ABT-263, ABT-737, and ABT-199, which all target the antiapoptotic Bcl-2 protein, are found in a common cluster. Axitinib and lenvatinib, which both target VEGFRs, are clustered together, as are CUDC-907 and JIB-04, which both target histone modification. Hierarchical clustering was also applied to the cell lines. HF2885, HF2381, and HF2790 share a distinct cluster from the rest of the cell lines.
A set of compounds was broadly potent across all patientderived GBM cells (Figure 3a) . Bortezomib, a proteasome inhibitor that is FDA-approved for select hematologic malignancies, 10 was the most potent inhibitor in three of the eight cell lines and was among the most potent three inhibitors for all compounds tested in all cell lines. EC 50 values ranged from 0.7−17 nM. CUDC-907 was the second most potent compound on the basis of EC 50 , while the mTOR/PI3K (phosphoinositide 3-kinase) inhibitor NVP-BEZ235 and the mTORC1/mTORC2 inhibitor AZD-8055 were the next most potent. CUDC-907 is a dual PI3K/HDAC (histone deacetylase) inhibitor in Phase I clinical trials for lymphoma, multiple myeloma, advanced solid tumors, and relapsed solid tumors (NCT01742988, NCT02307240). Noteworthy is that three of the four most potent compounds target mTOR/PI3K signaling. Temozolomide, the standard of care in GBM treatment, was not lethal at 50 μM, the highest concentration tested. This result is in agreement with other studies that routinely use >100 μM temozolomide to induce cell death.
11 Several compounds, Table S2 .
ACS Medicinal Chemistry Letters
Technology Note including temozolomide and selumetinib, were tested in HF2476 and HF2876 with a secondary assay using PrestoBlue to confirm compound sensitivity (Table S5) .
Other compounds exhibited >100-fold selectivity among GBM cell models (Figure 3b ). Selumetinib, a MEK inhibitor under clinical investigation, was the most selective, with a 1894 difference in potency between the most sensitive cell line and the most resistant cell line. The growth factor signaling inhibitors were overall more selective among the cell models than any of the other classes of compounds (Figure 3b) .
We compared the patient-derived GBM compound sensitivity data to publically available data from www. cancerrxgene.org. 4 When comparing the sensitivity data of the patient-derived GBM cells to the traditionally grown glioma cell lines in this repository, we found an example in which the patient-derived cell lines were uniquely sensitive to ABT-263, and another example in which there was no observable difference, NVP-BEZ235 (Figure 4) . Therefore, without using the patient-derived system, we may have missed the unique sensitivity of GBM to ABT-263.
Synergistic Inhibition by AZD-8055 and ABT-263. We next explored whether the compound sensitivity data could be used to identify synergistic compound combinations. We tested the combination of AZD-8055 with ABT-263 for three reasons: (1) previous literature demonstrated that AZD-8055 and ABT-263 synergize in BRAF and KRAS driven colorectal cancer, 12 (2) AZD-8055 was among the most potent drugs in our screen, but approximately 20−30% of cells remained alive after drug treatment in most cases ( Figure S3 ), and (3) an examination of the differential sensitivity of AZD-8055 and ABT-263 revealed that four cell lines were resistant to either ABT-263 or AZD-8055 (Figure 5a ). Viability testing of the compounds independently and in combination against these four cell lines revealed that AZD-8055 and ABT-263 act synergistically in HF2476 and HF3013, while the response was not synergistic, and possibly antagonistic, in HF2303 and HF2876 (Figure 5b) . Treatment of the cells with AZD-8055, an mTOR inhibitor, led to a decrease in phosphorylated S6 ribosomal protein, and treatment with ABT-263, a Bcl-2/Bcl-X L /A1 inhibitor, increased cleaved caspase 3 ( Figure S4 ) indicating these compounds are acting on target. These data reveal a potential combination therapy to kill AZD-8055-resistant cells and amplify the effects of ABT-263 and AZD-8055 in a subset of patient tumors.
The screening method presented here allowed us to screen four neurosphere models and three laminin-grown models against 56 compounds, in full dose−response curves in triplicate, targeting pathways implicated in GBM. Additionally, we tested an inhibitor combination of two compounds in a 15 × 11 matrix against four cell lines. This method, using common laboratory reagents, can be scaled up to allow for further screening of more compounds or against more cell lines to better capture the heterogeneity of patient GBMs. If a patient has a known effective treatment, one would predict that cell lines with similar sensitivity profiles from other patients might benefit from the same therapy, thus providing guidance for treatment of other patients. Furthermore, the pattern of sensitivities allows for an efficacy profile across a heterogeneous GBM population for new therapeutic agents. Combined with genetic characterization, this could lead to a large-scale analysis in which genomic features can be correlated in an unbiased manner with inhibitor sensitivity, leading to novel biomarkers for the pursuit of personalized GBM medicines.
In conclusion, we have developed a high-throughput screening method adaptable for patient-derived neurospheres and growth on laminin. A similar method could be employed for other cancers in which spheroid-based culture methods are the most relevant in vitro model. As personalized medicine becomes more prevalent, screening for differential sensitivity 
